Inorganic nanoparticles of layered [two-dimensional (2D)] compounds with hollow polyhedral structure, known as fullerenelike nanoparticles (IF), were found to have excellent lubricating properties. This behavior can be explained by superposition of three main mechanisms: rolling, sliding, and exfoliation-material transfer (third body). In order to elucidate the tribological mechanism of individual nanoparticles in different regimes, in situ axial nanocompression and shearing forces were applied to individual nanoparticles using a high resolution scanning electron microscope. Gold nanoparticles deposited onto the IF nanoparticles surface served as markers, delineating the motion of individual IF nanoparticle. It can be concluded from these experiments that rolling is an important lubrication mechanism for IF-WS 2 in the relatively low range of normal stress (0.96±0.38 GPa). Sliding is shown to be relevant under slightly higher normal stress, where the spacing between the two mating surfaces does not permit free rolling of the nanoparticles. Exfoliation of the IF nanoparticles becomes the dominant mechanism at the high end of normal stress; above 1.2 GPa and (slow) shear; i.e., boundary lubrication conditions. It is argued that the modus operandi of the nanoparticles depends on their degree of crystallinity (defects); sizes; shape, and their mechanical characteristics. This study suggests that the rolling mechanism, which leads to low friction and wear, could be attained by improving the sphericity of the IF nanoparticle, the dispersion (deagglomeration) of the nanoparticles, and the smoothness of the mating surfaces.
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fullerene-like nanoparticles | tribology | rolling friction | nanotribology F riction causes wear and energy dissipation, and is responsible (directly or indirectly) for about one-third of the world's energy resource consumption (1, 2) . Therefore, friction and wear reduction are key factors in any future energy conservation plan. Similar in many ways to carbon fullerenes and nanotubes; hollow polyhedral nanoparticles (NP) of the inorganic compounds WS 2 , MoS 2 , were first reported in 1992 (3). These NP, known as inorganic fullerene-like (IF) structures and inorganic nanotubes, were shown to reduce friction and wear either as a pure solid lubricant; as additives to various fluid lubricants, or as part of self-lubricating coatings (4, 5) . The seamless-hollow nanostructures were shown to be inherent to the layered structure of the material. The IF nanoparticles are common to layered metal dichalcogenides, MX 2 (M ¼ W , Mo, Ti, Nb, Hf; X ¼ S, Se) compounds as well as to numerous other inorganic compounds with layered two-dimensional (2D) structure. Each layer in the MX 2 material consists of three covalently bonded sheets with the metal atoms sandwiched between two chalcogenide sheets. In WS 2 (MoS 2 ) each tungsten (molybdenum) atom is bonded to six sulfur atoms in a trigonal prismatic coordination mode. Weak van der Waals forces are responsible for stacking the planar X-M-X layers together. Both graphite and WS 2 (MoS 2 ) structures belong to the same space group, P63/mmc (6) . Fig. 1A shows the transmission electron microscope (TEM) image of a hollow multiwall and polyhedral IF-WS 2 nanoparticle. This nanoparticle is highly faceted, and its dimensions are 78 and 82 nm along the two main axes. The particle contains 32-36 closed WS 2 layers. The nominal distance between each pair of layers is 6.20 Å (center to center). The diameter of the hollow void in the center of the multilayered WS 2 nanoparticle is about half the overall diameter of the nanoparticle. Fig. 1B shows the TEM image of a typical IF-MoS 2 nanoparticle. This nanoparticle is distinguishable from the IF-WS 2 nanoparticle by a number of salient features. In contrast to the IF-WS 2 , which are quasi-spherical in shape, the synthesized IF-MoS 2 NP possess higher crystalline order but their shape is quashed. The numerous layers of the IF-MoS 2 NP are evenly folded and their hollow core is tiny (ca. 1 nm in size). Therefore, the IF-MoS 2 NP are likely to show less rolling and be more prone to sliding than the IF-WS 2 NP, a phenomena which is confirmed by the present experiments.
The mechanical properties of the nanotubes and the individual WS 2 NP have been studied quite extensively (7, 8) . Friction coefficients as low as 0.03 were measured in a macroscopic friction experiment conducted with IF NP added to oil under severe contact conditions (9) . Very efficient lubrication was also obtained for dry metallic films impregnated with IF NP under boundary lubrication conditions (10) . Nonetheless, the friction coefficients were found to be generally higher (ca. 0.1) in dry tests as compared to oil-lubricated interfaces (0.06 and below).
Three main mechanisms which lead to reduced friction and wear are discussed in the literature (11):
1. Rolling-the IF nanoparticle acts as a ball bearing between the mating surfaces (11), as shown in Fig. 2A . 2. Sliding-Given the low surface energy of its basal (001) plane and its robustness, the IF nanoparticle acts as a separator providing low friction and facile shearing between the mating surfaces (12), as shown in Fig. 2B . 3. Exfoliation and transfer of films (third body)-exfoliated layers from the IF NP are deposited on the asperities of the mating surfaces providing easy shearing (13) , as shown in Fig. 2C .
Exfoliation and transfer of WS 2 nanosheets (designated third body) (14) were considered to be the predominant mechanism for reducing both friction and wear in the case of IF NP. It was shown that under large mechanical loads and shear forces, the NP are deformed and compressed. This structural deformation gives rise to dislocation and dislodging of WS 2 nanosheets from the NP surface. The external nanosheets of the IF NP, a few monolayers thick each (15) , are gradually transferred onto the substrate, thus reducing the friction between the two mating surfaces. Furthermore, this process reduces the local heating, and hence the plastic deformation of the underlying metal surface and its oxidation, thereby slowing down the wear (16 of the tribological behavior. However, oxidation of the sulfide NP transforms it into a tungsten oxide film, which by itself is a good lubricant (17) .
During the sliding motion the IF NP preserves its shape under normal and shear stress without rolling or exfoliation. Sliding is regarded as a very low friction mechanism when it occurs between weakly interacting, smooth surfaces (18) . Nonetheless if the sliding particles are made of a hard material, degradation of the mating surfaces by abrasion, plowing, or indentation is inevitable (19) . In this case the friction and wear may increase dramatically with time.
When the rolling mechanism is effective, the NP act as nanoscopic ball bearings between the contact surfaces and provide extremely low friction coefficients (0.01 and below). It was postulated that the quasi-spherical IF NP are ideally suited to provide this kind of friction mechanism (20) . However, no direct evidence to that effect has been established, so far. In fact, in latter works, the rolling mechanism was debated and considered to be of minor relevance. Recently, in situ uniaxial nanocompression tests of individual IF-WS 2 (MoS 2 ) NP using TEM (21) and high resolution scanning electron microscope (HRSEM) (8), were published. These works renewed the discussion on the significance of rolling friction on the tribological behavior of IF NP.
In the present study in situ HRSEM and a nanomechanical manipulator were used to apply normal and shear stresses, combined, on an individual IF. Gold NP (GNP) were deposited on the larger IF NP. Earlier works have indicated that the well adhering GNP tend to decorate the sharp sites of the faceted surface of the IF-WS 2 NP (22) . The GNP were used as markers for measuring the rolling, sliding, and exfoliation of the IF nanoparticle within the HRSEM. This study clarifies dependence of the friction mechanisms: exfoliation, rolling, and sliding on the normal (uniaxial) stress.
Results and Discussion
In the present study the tribological mechanism of individual inorganic IF NP is evaluated under different stress regimes by applying uniaxial (normal) stress followed by shear. The method used to evaluate the normal stress applied by the axial nanocompression test on individual IF NP is described in Materials and Methods. The failure stress (strength) of individual IF under uniaxial compression was found to be 1.9 AE 0.8 GPa and 2.5 AE 1 GPa for WS 2 and MoS 2 respectively, see Table 1 . The lower values of strength of the IF-WS 2 NP can be attributed to their highly faceted shape and the presence of defects in the NP. In some of the experiments the IF broke under the load even before the shearing movement could be imposed, indicating their low strength. Finite element analysis (23) shows that applying uniaxial load on the IF nanoparticle leads to stress concentration at the inner corner which eventually causes failure.
The exfoliation mechanism was shown to be the primary explanation for the reduction of friction, probably due to the fact that compressed NP and nanosheets were present in the majority of the tribology experiments (16, 24) . In contrast to the exfoliation mechanism, which can be analyzed postmortem, rolling and sliding friction can only be observed during operation and hence are more difficult to investigate in engineering-type tribological tests.
The rolling mechanism was debated and considered to be of lesser significance due to the following: the WS 2 NP are not fully spherical; they are polyhedral with corners. Moreover, the NP tend to agglomerate, and the gap between the two mating surfaces in the contact area is usually smaller than the size of the agglomerate (13) . The metal finish is also not perfect, with defects and irregularities occurring on the surface. Such surface irregularities impede the rolling friction mechanism. In particular, the first nanoparticle to be clogged by the asperity blocks the free motion of the NP behind; i.e., jamming occurs. The impeded NP are prone to combined loading and shearing forces, and are fractured or exfoliated (24) .
In spite of these arguments, the very recent in situ TEM (21) and the current in situ HRSEM (8) experiments show that rolling is not only plausible, but a valid mechanism for reduction of the friction by the IF NP. This revives a long-standing dispute concerning the role of rolling friction in the tribological action of these NP. The rolling mechanism was also challenged by the conjecture that the NP are sliding and not rolling during the tribological test. It is well established that the coefficient realized during rolling friction is generally 10 2 to 10 3 times lower than that of sliding friction for corresponding materials (25) . This difference was in fact the motivation for a deeper investigation of the friction mechanism of the IF NP. In this study GNP with 16 AE 4 nm diameter were deposited on the larger IF NP, 100 AE 20 nm. The first attempt to decorate the IF-WS 2 surfaces with GNP was carried out using GNP in toluene solution. However, dispersion of the IF NP decorated with GNP from toluene solution was found to be ineffective and an alternative approach; i.e., deposition from aqueous solution was subsequently attempted. Preparation of colloidal gold NP in aqueous solution was based on the classical Turkevich-Frens method (26, 27) , using trisodium citrate as a reducing agent in aqueous solution. The attachment of the GNP to the IF NP was characterized by TEM and high resolution TEM (HRTEM). Fig. 3A shows the TEM image of an IF-WS 2 nanoparticle decorated with a gold nanoparticle from the aqueous solution. Fig. 3B shows HRTEM images of a spherical gold nanoparticle attached to the IF-WS 2 NP surface. In Fig. 3 , a few outer layers of the IF-WS 2 and the gold nanocrystal lattice planes are clearly visible.
The nanosize dimension and the quasi-spherical shape of the IF nanoparticle presents a challenge for the design of experiments intended to prove the friction mechanism. In order to prove the rolling mechanism, GNP were used as a marker for the relative position of the individual IF nanoparticle with respect to the substrate and the atomic force microscope (AFM) tip. In particular, the GNP served as a reference point clearly deciphering between sliding and rolling movements during the shearing experiments in the HRSEM.
Here, an AFM probe with plateau tip was used to apply a combined pressure (z-axis) and shearing stress (x-axis) on individual IF NP decorated with GNP placed on a Si wafer surface. This combination makes it possible to distinguish between the rolling, sliding, and exfoliation mechanisms of the IF-WS 2 NP under different loads and shearing forces. Fig. 4 shows the schematics of a set-up used for applying axial load and shear movement causing rolling. The same set-up was also used for demonstrating the exfoliation and sliding of the IF NP. The rolling mechanism of IF-WS 2 NP decorated with GNP is shown in Fig. 5 , Movie S1. The arrow points out the GNP attached to the rolling IF-WS 2 nanoparticle. The blue dot points out the starting point on the AFM tip. In this experiment the uniaxial compression stress was 0.6±0.25 GPa before applying the shear stress. Rolling was not observed with inferior loads, possibly because the IF nanoparticle was not sufficiently tightened to the two mating surfaces.
Sliding friction was also observed in the experiments. Fig. 6 shows a series of images of a sliding IF-WS 2 NP. Here sliding of the IF nanoparticle was observed along a distance of 170 nm during a shearing experiment. The asymmetric nanoparticle was locked in the gap of the oblique-angle constriction between the flat AFM tip and the Si surface. The nanoparticle was locked with its acute angle vertex touching the flat tip surface. This situation caused the normal stress to further increase, and the IF NP was forced to slide rather than roll. The effective stress was nevertheless inferior to 1.2 GPa, which is the onset stress for exfoliation.
The exfoliation mechanism can be seen in Fig. 7 A and B, which show the IF-WS 2 nanoparticle with GNP attached before uniaxial compression. and F show the same IF-WS 2 nanoparticle after shear movement and exfoliation. In this experiment the uniaxial compression stress was about 1.2 GPa before applying the shear stress. Fig. 8 This study shows that the superior tribological behavior of inorganic IF NP of WS 2 can be ascribed to a combination of three main mechanisms; i.e., rolling, sliding, and exfoliation-material transfer. However, rolling could not be achieved in the presently available IF-MoS 2 NP, most likely due to their highly anisotropic (squashed) morphology. This behavior can be contrasted with bulk 2H-MX 2 platelets, in which the main lubrication mechanism is attributed to the facile shearing of one MX 2 layer with respect to the underlying and overlying layers.
From the present experiments one can conclude that for quasispherical IF-WS 2 NP rolling is a predominant mechanism under a normal stress of 0.96±0.38 GPa and low speeds (quasi-static; i.e., 10 −7 m∕ sec). Exfoliation of the IF NP becomes the dominating mechanism under high normal stress; i.e., >1.2 GPa. The exfoliated films coat the shearing surfaces, thereby providing low friction. These results are compatible with the compression failure stress (strength) of individual IF under uniaxial pressure of 1.9±0.8 GPa and 2.5±1 GPa for WS 2 and MoS 2 respectively. The low shearing speed in this work is not expected to vary the compression strength of the NP, as compared to the case of pure normal loading of the IF NP.
The actual friction coefficient can be explained by a superposition of those three mechanisms. Massive exfoliation of the IF NP eventually causes the degradation of the IF and supersedes the rolling and the sliding mechanisms. However, as long as there is a fresh supply of IF NP to the tribological interface, rolling friction cannot be excluded altogether.
Notwithstanding several key differences, the present work generally concurs with the tribological measurements of the IF NP under realistic conditions. So far the main tribological measurements and the applications of the NP have been assumed under two entirely different conditions: the NP were either mixed with fluid lubricants (4, 9) or impregnated in metallic films (5, 10) . The IF NP were shown to endow excellent lubrication behavior to interfaces in both environments. This observation suggests that a common mechanism controls the excellent tribological behavior of the IF NP under different circumstances. The experiments described in the present work could be related more closely to the second case where no fluid lubricant is used (10) .
While the experimental work was performed on a modest number (>40) of individual NP, it is believed that the work bears relevance to tribological tests under realistic conditions. To establish this connection a simple model calculation was devised.
In this model, the following assumptions were made: the NP have monosize distribution and they are not agglomerated; i.e., they form a dense monolayer of NP on the substrate surface. The contact area between the flat loading surface and the nanoparticle is taken as one quarter of its cross-section (projected area) (23) . In order to avoid exfoliation under low shearing rates the values of normal stress applied on individual IF should be less than 0.5 GPa. Therefore, the highest permissible normal load which can be applied on 1 cm 2 area of a densely packed film without causing exfoliation under shear movement, could not exceed 1.25 · 10 4 N. This value is quite high for "realistic" tribological conditions. Therefore, this work suggests that a smooth contact area and improved size-dispersion of the quasi-spherical NP could extend the validity of the rolling mechanism and postpone the degradation of IF NP; which will lead to reduced friction and wear for extended periods.
Materials and Methods
The IF-WS 2 NP were synthesized using the fluidized bed reactor (FBR) made of quartz glass (28) . WO 3 NP were fed into the reactor from the top. The size distribution of the IF-WS 2 NP prepared in the FBR is between 60 and 300 nm. This size range is dictated by the size distribution of the oxide powder used as a precursor for the synthesis. Mass-produced IF-WS 2 were obtained through oxide to sulfide conversion at 800 and 840°C with optional annealing at higher temperatures (up to 950°C) to remove the residual oxide in the core and anneal out the dislocations (29) . TEM (Philips model CM120) equipped with energy dispersive X-ray analyzer (EDS-EDAX model Phoenix) was used to analyze the NP powder. Tecnai F30 UT manufactured by FEI and operating at 300 kV was used for the HRTEM experiments.
There were several experimental obstacles to overcome in order to exploit the GNP as a point of reference for the rolling process, and a marker of the position of the individual IF nanoparticle. The in situ axial nanocompression of individual NP in the HRSEM was achieved with a dry powder. The GNP which served as position markers were deposited from solution which was followed by a careful drying. Prior to the GNP deposition, the IF powder had to be deagglomerated by a careful sonication process, which did not lead to any observable damage to the NP. The solution had to be dried and the IF-WS 2 NP dispersed without contamination. Further details of colloidal gold NP in aqueous solution, appear in the SI Text.
In order to disperse the IF's on the substrate surface with minimum agglomeration, an experimental set-up was built. There are two main driving forces for the agglomeration of IF NP: the defect at the corners of the faceted nanoparticle are presumed to form reactive sites (22) that react with the ambient and facilitate agglomeration; e.g., through hydrogen bonds and van der Waals interactions (30) . Measuring the properties of single inorganic IF NP, relies on the ability to disperse the IF NP on the surface with minimum agglomeration. For that purpose a simple set-up, based on a micro powder dispersing apparatus was built, see Fig. S1 . Further details appear in the SI Text.
In-situ axial nanocompression of individual NP in the HRSEM (8) was used to apply a load on individual IF-WS 2 NP. The experiments were performed in a HRSEM (LEO model Supra, 7426) equipped with a Kleindiek nanomanipulator. The radial axis of the nanomanipulator (r-radial, θ-elevation, ϕ-azimuth) was used for applying the load. The NP were dispersed on the thin edge of a piece of n-doped Si wafer (111 oriented). The nanomanipulator and the Si wafer were placed against each other perpendicular to the beam, in order to enable in situ imaging of the tip displacement and the loaded nanoparticle. The nanocompression is executed with an atomic force microscope (AFM) cantilever probe along the nanomanipulator's r-axis (0.25 nm resolution). The AFM probes used in the present experiments were fabricated with a plateau tip (Team-Nanotech). These tips have a plateau contact diameter of 350 nm, and nominal spring constant of 100 N∕m. The conductive coating on these probes reduces the charging and resultant vibrations during scanning in the HRSEM. The HRSEM imaging conditions during the tests were: accelerating voltage of 3-5 kV and focus distance of 3-5 mm.
The spring constant k of the AFM tip cantilever was determined for each AFM probe by the Sader noise method (31) . The spring constant in the same lot of the probes was found to vary between 44-69 N∕m.
High resolution images were taken using the In-Lens detector which is located above the edge of the Silicon wafer, see schematic set-up in Fig. 9 . Note that the SE2 secondary electron detector is located opposite the nanomanipulator, and is therefore partially shadowed.
The stress σ n is defined as the load applied to a specimen divided by the contact area between the AFM tip and the specimen. The stress, σ n was estimated as follows: σ n ¼ F n S F n is the applied normal force, S represents the contact area between the AFM tip and the nanoparticle surface. This technique allows for measurement of the applied normal force and evaluation of normal stress during the experiment.
The contact area was estimated from the contact length between the NP and the probe in the image (see e.g., Fig. 5 ) from the HRSEM image. Assuming that the nanoparticle is perfectly spherical, the contact length can be measured from the image. Using the Hertzian contact model the circular contact area can be estimated as a function of the stress. However, because the NP are often heavily faceted (IF-WS 2 ) or oblate shaped (IF-MoS 2 ), a different approach was taken. Here it is assumed that: the contact area of the faceted WS 2 (MoS 2 ) nanoparticle is a square and the contact length, measured from HRSEM image is the length of the square. Therefore the contact area is the square of the length and the contact area as a function of stress, in the faceted WS 2 nanoparticle, is almost constant and does not vary according to the flat-on-sphere Hertzian contact model.
These assumptions are based on the following facts: the initial contact between the AFM tip and the faceted WS 2 nanoparticle is a flat-on-flat contact; uniaxial stress on a face of the WS 2 nanoparticle causes stress concentration sites at the corners (25) . The shape of the facets of the WS 2 nanoparticle can be a square, rhombus, or pentagon (for simplicity only square facets were used in the calculations).
The actual contact area can be as much as 25% smaller than the square of the measured length. The difference between the stresses calculated by these two different approaches (the round contact area-Hertzian model and the square constant contact area model) is not larger than 25%, which reflects the accuracy of the measurement.
HRSEM monitoring allowed accurate manipulation of the AFM tip to be located exactly above the nanoparticle, and accurate determination of the first contact of the AFM tip with the WS 2 (MoS 2 ) nanoparticle. HRSEM images were recorded during the nanocompression experiments.
The applied force (F n ) was evaluated from the position of the AFM tip via F n ¼ k · ðΔh − ΔdÞ, where k is the spring constant of the AFM cantilever;Δh is the displacement of the AFM cantilever (see Fig. 10 ) and Δd, the deformation of the nanoparticle under load. Δd was estimated from the HRSEM images taken during the compression test by comparing the height of the deformed shape to the height of the NP before the contact. For Δh estimation two different methods were used. The first utilized the difference between the nanomanipulator position during the process and the position at initial contact. Alternatively, Δh was estimated from the position of the AFM tip after it slid away or rolled off the IF. The location of the tip after the force was released indicates the force that was acting on the cantilever during the measurement. This latter method is usually suitable for relatively low applied forces.
The main source of uncertainty in these measurements is associated with the estimate of the contact area between the AFM tip and the compressed multilayered polyhedral nanoparticle. The contact area is considered to be a square but it can be 25% smaller, if the shape is oval or circular. The uncertainty in the contact length, measured from the HRSEM images is about 5%. Therefore, the overall uncertainty in the contact area measurement is −30%, þ5%. The uncertainty in the measured spring constant, of the AFM tip's cantilever is 5%. The uncertainty in determining the deformation of the multilayered polyhedral nanoparticle has an effect of less than 1% on the calculated force. Consequently the normal stress can be 36% higher or 11% smaller than the calculated value.
Conclusions
The friction reduction provided by the IF NP of WS 2 (MoS 2 ) can be explained by a superposition of three main mechanisms; i.e., rolling, sliding, and exfoliation-material transfer (14) . Rolling friction, which is known to lead to very low friction and wear, requires that the NP be spherically shaped and mechanically very stable. For the sliding mechanism, which also provides low friction, the NP should also be mechanically stable and exhibit low adhesion and chemical affinity to the underlying surfaces. In the exfoliation mechanism, the multilayered IF NP act as reservoir of low friction layers which cover the mating surfaces with low friction thin layers, a few monolayers thick (15) .
In order to differentiate between the different friction mechanisms relevant for the IF NP, an additional experiment was performed in which combined shear and normal forces were applied to individual IF NP. GNP were attached to the IF NP and served as a position marker relative to the substrate.
It is clear from the current experiments that rolling of IF-WS 2 is a dominant mechanism under low shear rates and normal stress of 0.96±0.38 GPa. Sliding occurs at slightly higher normal stress, and exfoliation predominates under high normal stress above 1.2 GPa. For IF-MoS 2 the rolling mechanism was not observed, likely due to the asymmetric (squashed) shape of the NP. Sliding was the dominant mechanism under low shear rates and normal stress of 0.5±0.19 GPa. Exfoliation became predominant under high normal stress of above 1.34 GPa.
